Adequate interpretation of the functional data characterising the projection neurones of the cochlear nucleus (CN) is impossible without the unequivocal classification of these cell types at the end of the experiments. In this study, morphological criteria applicable for unambiguous identification of CN neurones have been sought. The neurones were labelled with rhodamine from incisions severing the projection pathways of the individual cell types, allowing their selective labelling and morphological characterisation. Confocal microscopy was employed for the investigation of the rhodamine-filled cells whose morphology was assessed after reconstructing the three-dimensional images of the cell bodies and proximal processes. The diameters of the somata and the number of processes originating from the cell bodies were also determined. In most of the cases, unambiguous identification of the bushy, octopus and Purkinje-like cells was relatively straightforward. On the other hand, precise classification of the pyramidal cells was often difficult, especially because giant cells could easily possess morphological features resembling pyramidal neurones. Occasionally, giant cells also mimicked the appearance of octopus neurones, which may be another important source of identification error, especially as these two cell types are often situated close to each other in the CN. It is concluded that morphological criteria defined in the present work may be effectively applied for the unambiguous identification of the projection neurones of the CN, even following functional measurements, when the correct cell classification is essential for the interpretation of the experimental data. Moreover, the present study also confirmed that Purkinje-like cells project to the cerebellum. [6,7, 10, 16,[21] [22] [23] 33,39,42], in which the projection neurones in the posterior part of the ventral CN (pVCN); giant cells are 38 scattered in both the VCN and the dorsal CN (DCN); whereas 39 pyramidal neurones and Purkinje-like cells (PLCs) are found 40 in the DCN only. The activity of neuronal networks consisting 41 of the projection cells and the numerous interneurones ensures 42 that the incoming acoustic information is not merely distributed, 43 but processed in the CN. Consequently, the projection neurones 44 actively contribute to the decoding of the acoustic information. 45 The axons of these cells form the efferent pathways targeting 46 various structures in the brain stem, and carry information about 47 different aspects of the sound stimuli (amplitude, onset, duration, 48 etc.).
Introduction

28
The mammalian cochlear nucleus (CN) is the structure 29 where the incoming primary acoustic information is passed in the posterior part of the ventral CN (pVCN); giant cells are 38 scattered in both the VCN and the dorsal CN (DCN); whereas 39 pyramidal neurones and Purkinje-like cells (PLCs) are found 40 in the DCN only. The activity of neuronal networks consisting 41 of the projection cells and the numerous interneurones ensures 42 that the incoming acoustic information is not merely distributed, 43 but processed in the CN. Consequently, the projection neurones 44 actively contribute to the decoding of the acoustic information. 45 The axons of these cells form the efferent pathways targeting 46 various structures in the brain stem, and carry information about 47 different aspects of the sound stimuli (amplitude, onset, duration, 48 etc.). 49 In a study aiming at the description and understanding of 50 the activity of such a complex neuronal structure as the CN, 51 it is imperative to clearly define the functional contribution of 52 errors.
Materials and methods
109
Animal care
110
The experiments were conducted on 1-month-old Wistar rats (from both 111 sexes) following a protocol that was authorised by the Ethical Committee of the 112 University of Debrecen and was in accordance with the appropriate international 113 and Hungarian laws. The animals were bred in the departmental animal house 114 and they lived in an environment with natural day-night cycles (window light), 115 where food and water were available ad libitum. The animals were subjected to 116 the smallest possible pain and discomfort during the experimental procedures. 
Retrograde labelling
118
All steps of the preparation [30] were performed in ice-cold (approx. -2 • C) 119 low-Na + artificial cerebrospinal fluid (aCSF) that was made of (in mM): sucrose, 120 250; KCl, 2.5; glucose, 10; NaHCO 3 , 26; NaH 2 PO 4 , 1.25; CaCl 2 , 2; MgCl 2 , 1; 121 myo-inositol, 3; ascorbic acid, 0.5; Na-pyruvate, 2 (pH: 7.2; tonicity: 320 mOsm; 122 all chemicals were purchased from Sigma-Aldrich, St. Louis, MO, USA unless 123 stated otherwise).
124
After the decapitation of the animal, the brain was removed and placed into a 125 Sylgard-coated Petri-dish. A total of 27 animals were used for retrograde filling 126 and usable preparations were obtained in 24 cases. When the labelling proved 127 to be unsuccessful, the cells were either not labelled at all, or their morphology 128 could not be assessed owing to very high background fluorescence. The most 129 likely explanations of the inadequate labelling were inappropriate positioning of 130 the cuts and/or relatively low concentration of rhodamine, and/or photobleaching 131 of the dye.
132
Retrograde labelling was performed by using tetramethylrhodamine-dextran 133 (lysine fixable, molecular weight = 3000; Molecular Probes Inc., Oregon, USA; 134 referred to as rhodamine throughout). The excitation/emission maxima of this 135 compound were 555 and 580 nm, respectively.
136
The incisions (described below) necessary for the application of the retro-137 grade tracer were performed in a Sylgard-coated Petri dish filled with low-Na + 138 aCSF. The tissue was continuously oxygenated with the mixture of 95% O 2 and 139 5% CO 2 . Prior to the application of the dye, the cut surface of the brain was dried 140 with a small piece of filter paper. The labelling was achieved by either placing 141 a few rhodamine crystals into the incisions or injecting concentrated rhodamine 142 solution (1 mg/100 l phosphate buffer [PB] ) into the appropriate part of the 143 brain tissue. All steps were performed in a dark room to avoid photobleaching.
144
The exact locations of the incisions as well as the rhodamine administration 145 methods were determined according to the types of targeted neurones [37] . 146 Fig. 1 demonstrates the exact positions of the lesions; the cuts were performed 147 bilaterally in 12 animals.
148
Labelling of the bushy neurones (no distinction was made between the spher-149 ical and globular ones in this study) was performed by severing the trapezoid 150 body at the ventral end of the VCN, as close to the nucleus as possible ( Fig. 1A; 151 n = 4). The length of the incision was 3-5 mm, with a depth of 1.5-2.5 mm.
152
When giant and pyramidal cells of the DCN were targeted ( Fig. 1B ; n = 5), 153 the cerebellum was removed, and the axons of giant and pyramidal cells were cut 154 by severing the dorsal acoustic stria. The incision was made in the parasagittal 155 plane, approximately 2 mm medially from the medial edge of the DCN. The 156 length and depth of the incision were both 1 mm; when the incision was deeper 157 or it was closer to the nucleus, octopus neurones became also labelled as in these 158 cases the intermediate acoustic stria also became affected.
159
Isolated incision of the intermediate acoustic stria, where axons of the octo-160 pus neurones leave the CN, was very difficult to perform without injuring the 161 axons of the giant and pyramidal cells, thus octopus neurones were labelled 162 by mechanically injecting concentrated rhodamine solution into the intermedi-163 ate acoustic stria (n = 5; Fig. 1C ). The injection was performed 0.5 mm medially 164 from the medial edge of the DCN at a depth of 1.6-1.8 mm in a direction precisely 165 perpendicular to the surface of the brain stem. The pressure applied during the 166 injection was kept as low as possible; higher injection pressures resulted in diffu-167 sion of the dye towards neighbouring structures causing labelling of pyramidal 168 and giant cells as well. ing day, the slices were rinsed in TBS (3 × 10 min) and incubated with Texas 201 red-or FITC-conjugated rabbit anti-goat IgG (Vector Laboratories Inc.) for 202 3 h at room temperature, followed by further washes in TBS (3 × 10 min). At 203 the end of the protocol, the slices were mounted using Vectashield mount-204 ing medium. Altogether six animals were used for calbindin-specific immuno-205 labelling. 
Microscopy
207
Both the retrograde labelling and the immunoreactions were visualised 208 by either a fluorescence microscope (Eclipse 600W; Nikon, Tokyo, Japan; in 209 this case the images were acquired by using the Spot RT v3.5 software) or a 210 laser scanning confocal microscope (Zeiss LSM 510 microscope; Oberkochen, 211 Germany). In the latter case 20-80 "Z-stack" images (optical sections) were 212 obtained from the cells of interest by using a 40× oil-immersion objective. 213 The thickness of the individual optical sections varied between 0.6 and 1.0 m. 214 The reconstruction of the composite images (the summation of the individ-215 ual Z-stack images providing the three-dimensional appearance of the cells) 216 was performed by using the Zeiss LSM Image Browser software. The same 217 program was used to rotate the composite images to check the morphological 218 appearances of the investigated cells as they were viewed from various direc-219 tions, mimicking the situation when the sectioning plane of the slices is altered. 220 The final forms of the illustrations were created by using Adobe Photoshop 221 7.0. 
Quantitative analysis
223
For the quantitative analysis, each investigated cell had to fulfil three criteria: 224 the cell type had to be determined without doubt; the cell body and proximal 225 Fig. 2A, arrows) . The rich and highly asymmetric den- PLCs was highly variable, ranging between 1 and 8.
248
Rhodamine filling of the PLCs was performed from lesions 249 performed at the cerebellar peduncles, resulting in a charac-250 teristic patchy labelling pattern in the superficial layer of the 251 DCN (Fig. 2B, main image) . These labelled structures not 252 only appeared in that part of the CN where PLCs are found, 253 but they clearly resembled the distribution of the calbindin-254 specific immunoreactions. Similar labelling pattern could never 255 be observed after performing midline incisions (Fig. 1A) , which, 256 however, effectively filled projection neurones of the deeper 257 layers in the DCN (Fig. 2B, inset) .
258
The main panel of Fig. 2E demonstrates the composite image 259 of a rhodamine-labelled PLC (arrow indicates the most likely 260 position of the cell body), whose appearance resembles that of 261 a calbindin-labelled single PLC (Fig. 2E, inset) . 
Bushy cells
263
Bushy cells usually appeared in a columnar fashion amongst 264 the intranuclear fibres of the acoustic nerve in the VCN 265 (not shown). The acoustic nerve fibres also showed labelling 266 in some cases (Fig. 3A and B) , suggesting that diffusion 267 of rhodamine could occur in the moisture covering the sur-268 face of the brain stem, eventually reaching the cut ends of 269 the acoustic nerve fibres and causing their orthograde label-270 ling. Composite confocal images showed the characteristic shape 272 and distribution of the bushy cells ( Fig. 3A and B) . The neurones tion. Nevertheless, they always had slightly elongated somata, 294 with an average diameter of 26 ± 4 m (ranging between 18 and 295 32 m; n = 20). Fig. 3C shows a typical octopus neurone with an 296 elongated cell body as well as several processes emerging from 297 the same side of the soma, and running into the same direction 298 (arrows); one of them producing an extremely sharp turn (thin 299 arrow).
300
Fig . 3D and E present the composite image of an octopus 301 cell from different angles. Fig. 3D shows the image when the 302 cell was observed vertically (directly looking into the slice). As 303 seen, all visible processes of the neurone (arrows) travel into the 304 same direction. In order to get Fig. 3E , the image was rotated 305 60 • clockwise (vertically), providing some depth perception. 306 From this aspect, the process pointing to the right in Fig. 3D is 307 now running directly out of the plane of the paper. The rather 308 thick and prominent initial parts of the major processes are also 309 shown, and it is revealed that two processes which seemed to be 310 directly adjacent in Fig. 3D , are in fact behind each other at a 311 considerable distance.
312
Most of the octopus neurones investigated in the present work 313 possessed three distinguishable processes, whereas others had 314 two, four or five appendages (Table 1) . Generally, it seems to 315 be possible that octopus cells presenting two processes may be 316 confused with bushy neurones, especially as there is a consid-317 The table gives the quantitative synopsis of all rhodamine-filled neurones identified in the present study; n indicates the total number of the individual cell types where the morphological features were quantified. Reference means the data found in the literature in the case of the given neurone type, the number in square brackets refers to the reference list. The absolute and percentage data in the last four columns give the number of the cells belonging to the various neurone types possessing the appropriate amount of processes. a PLCs had highly variable number of distinguishable appendages; but due to the rare occurrence of this cell type, further classification seemed unnecessary. b One bushy cell could be identified on the basis of its spherical cell body and localisation within the VCN, but had only a single process. This finding might be due to poor filling or to losing the other appendage during the manipulation of the slice.
erable overlap between the diameters of these neurones. There In these instances the size of the cell body and the bifurcation 344 of one of the processes situated near the soma may be rather were found to be 23 ± 3 m in diameter (n = 16), whereas giant 360 cells possessing three processes are generally larger, 34 ± 7 m 361 (n = 15). Even more importantly, the diameters of the pyrami-362 dal and 3-processed giant neurones ranged between 18-27 and 363 27-53 m, respectively; indicating that a triangular cell with less 364 than 25 m soma diameter most likely belongs to the pyramidal 365 cell population, whereas larger cells can be safely classified as 366 giant neurones.
367
One of the possible reasons of misidentification is presented 368 in Fig. 4G showing the optical section of a giant cell performed 369 7.15 m from the top of the neurone. Comparison of Fig. 4G 370 with Fig. 4F not only reveals that the shape of the giant neu-371 rone is the same as that of a pyramidal cell, but in this section 372 even the size of the soma is in the appropriate range, thus unam-373 biguous classification of the triangular cells cannot be achieved 374 without finding the largest diameter of the cell body. This obser-375 vation is exemplified in Fig. 4H , demonstrating the composite 376 image of the same cell (rotated 41 • forward relative to Fig. 4G) , 377 where the true morphology of the neurone can be assessed 378 including the full size of the soma and the bifurcation of one 379 of the processes situated in the close proximity of the cell body 380 (thin arrow).
381
Interestingly, the appearances of giant cells may easily mimic 382 the morphological features of other (non-pyramidal) cell types. 383 Fig. 4I and J demonstrate single optical sections of the same cell. 384 Fig. 4I illustrates the elongated cell body, and the very begin-385 ning of the processes originating from the same side of the cell. 386 The section produced 8.4 m below the previous one (Fig. 4J ) 387 gives similar impression and indicates two non-branching pro-388 cesses emerging from the same side of the soma. Thus, one 389 may be tempted to believe that these images belong to an 390 octopus cell. However, when the composite image was con-391 structed and slightly rotated counter clockwise (19 • ; Fig. 4K ), 392 the cell clearly exhibited polygonal shape, with several processes 393 
Discussion
396
In this work, rhodamine backfilling and subsequent con- 
Morphological diversity of the CN neurones
454
The present paper provides evidence that misidentification [23] . Moreover, 469 the deepest layer of the DCN was found to be poorly developed 470 in rats, indicating that giant cells may be less frequent in this 471 region than in other species.
472
In the light of the data presented in this work, it is possible 473 that giant and pyramidal neurones might have been confused 474 with each other. This possibility is further substantiated by the 475 fact that these two cell types seem to have almost negligi-476 ble physiological differences in cats [37] ; consequently, even 477 the simultaneous functional measurements cannot completely 478 exclude false identification. [27] suggest 483 an easy identification. Despite this, morphological and phys-484 iological similarities between the octopus and globular bushy 485 cells have been noted [37] , raising the possibility of potential 486 bushy-octopus misidentifications, too.
487
Precise cell identification in the CN is further complicated by 488 known developmental modifications. In hamster, a similarity of 489 pyramidal and giant cells in newborn individuals was described 490 [35] , and the possible confusion is further aggravated by the 491 fact that pyramidal neurones may frequently develop a third 492 dendrite in this species [34] . Aging of mice modifies the shape 493 of the dendritic branches of the octopus cells [43] , and some 494 developmental changes of the various neurones in primates have 495 been noted, too [18] . Although there are no data specific for rats, 496 it cannot be excluded that similar modifications might contribute 497 to the morphological diversity of the various neurones in this 498 species as well. 
Purkinje-like cells of the CN
500
As their name suggests, PLCs are considered as ectopic Purk-501 inje cells that might migrate to the CN during embryogenesis 502 [20, 32, 38] . Initially, they had been overlooked in classical mor-503 phological studies; but later on their presence was consistently 504 described in mice, rats and guinea pigs. Although the exact roles 505 and significance of the PLCs in the cochlear neural circuits are 506 still debated, there is a consensus regarding their similarity to 507 cerebellar Purkinje cells, including their strong calbindin and 508 less pronounced parvalbumin expressions in rats [13, 38] . The 509 relationship between the two cell populations is further empha-510 sised by the fact that PLCs receive climbing fibres from the 511 inferior olivary area of the rat [32] . Furthermore, there are data 512 indicating that the axons of the PLCs may reach cerebellar nuclei 513 [38] . In the present study, PLCs could be labelled by applying 514 rhodamine to incisions of the cerebellar peduncles, supporting 515 the possible cerebellar projection of these cells. 
